Objective To provide new insights into the FOXG1-related clinical and imaging phenotypes and refine the phenotype-genotype correlation in FOXG1 syndrome.
Mutations in the FOXG1 gene have been shown to cause a rare neurodevelopmental disorder. Initially described as a "congenital variant of Rett syndrome," 1,2 subsequent reports allowed delineation of the FOXG1 syndrome, which is now considered a distinct clinical entity. [3] [4] [5] [6] [7] To date, more than 90 individuals with FOXG1 mutations have been described, mostly within small case series. 5, 7 The disorder comprises a complex constellation of clinical features, including severe postnatal microcephaly, deficient social reciprocity, combined stereotypies and dyskinesias, epilepsy, poor sleep patterns, and unexplained episodes of crying. 3 In parallel to these clinical criteria, the importance of brain MRI features has been emphasized. 1, 3, 8 However, the spectrum of MRI features in FOXG1 syndrome is yet to be fully defined.
FOXG1 encodes a transcription factor containing a highly conserved domain spanning from the forkhead binding domain (FBD) to the C-terminus and a variable N-terminus. 9 FOXG1 mutations include frameshifts, deletions, and point mutations. 7, 10 A recent study suggests that more severe phenotypes are associated with truncating FOXG1 variants in the N-terminus and the FBD and milder phenotypes with missense variants in the FBD. The most significant differences were related to motor and speech development, while only borderline differences were found concerning corpus callosum anomalies, delayed myelination, and microcephaly. 7 In light of these recent findings, the aim of this study was to provide a comprehensive overview of FOXG1-related clinical and imaging phenotypes by thorough analysis of a cohort of 45 clinically well-characterized patients with FOXG1 mutation and refine the phenotype-genotype correlation in FOXG1 syndrome.
Methods
We recruited patients with pathogenic or likely pathogenic FOXG1 mutations from different cohorts through a large national and international network. Genetic testing was performed by array comparative genomic hybridization (CGH) (5/45), Sanger sequencing (31/45), targeted panel high-throughput sequencing (4/45), and whole-exome sequencing (4/45).
Standard protocol approvals, registrations, and patient consents
The study was approved by the ethics committee of the University Hospital of Necker Enfants Malades, Paris, France and the relevant local institutional review boards. Parental written informed consent was obtained for all affected patients.
All patients were personally known to at least 1 of the coauthors and were reexamined for the purpose of the study.
Five patients had been reported previously and were reassessed for the study. 8, 11, 12 Standardized clinical information was recorded. Movement disorders were characterized in person by investigators and classified according to established criteria. 13 Epileptic seizures were classified according to the recommendations of the Commission on Classification and Terminology of the International League Against Epilepsy.
In addition, for patients filmed, we obtained additional authorization for disclosure of any recognizable persons in videos.
The genetic testings were performed in accordance with the respective national ethics guidelines and approved by the local authorities in the participating study centers.
MRI studies
As the MRI studies were performed over a period of 10 years at many different imaging centers and on many different types of MR scanners, the imaging techniques that were used differed substantially, although a majority had at least axial and sagittal T1-weighted and axial T2-weighted and fluidattenuated inversion recovery (FLAIR) sequences. Imaging assessment was based on agreement between 2 investigators (N.B. and N.B.-B.) who reviewed the images. Each made initial evaluations independently, and any disagreements regarding the final conclusion were resolved by consensus.
Statistical analysis
All statistical analyses were performed in GraphPad Prism version 6.00. Data are described as mean ± SEM. Differences were evaluated using the 2-way analysis of variance with multiple comparison tests.
Results
Our cohort totaled 45 patients with FOXG1 mutations, 22 males and 23 females ranging in age from 19 months to 42 years (median: 5.73 years) at the time of evaluation (table e-1 links.lww.com/NXG/A97).
A total of 37 FOXG1 different heterozygous mutations were identified, of which 18 are novel. They comprised 32 small intragenic mutations and 5 large deletions of the whole FOXG1 locus. All mutations were de novo, except 1 reported previously as a germinal mosaic. 12 Point mutations were mostly frameshifts (14/32; 43.75%) and missense mutations (12/32; 37.5%), with a small number of nonsense (4/32; 12.5%) and in-frame Glossary FBD = forkhead binding domain. mutations (2/32; 6.25%) ( figure 1, A and B) . Three recurrent mutations, c.460dupG, c.256dupC, and c.256delC, were identified.
Clinical presentation in patients with

FOXG1 mutations
Patients first came to medical attention at a median age of 3 months (birth to 20 months) because of developmental delay and microcephaly (15/45; 33.3%) or with lack of eye contact, or strabismus (16/45; 35.6%). Epileptic seizures or movement disorder were less common (4/45; <10%). In 5 cases (11.1%), brain anomalies were diagnosed prenatally.
At birth, a majority of patients had normal body measurements and low normal birth head size (38/43; 88.4%). Severe postnatal microcephaly (−4 to −6 SD) became apparent after the age of 1 month.
At the age of the last evaluation (median: 5 years; 19 months to 42 years), all patients had profound developmental delay, with permanent esotropia (38/42; 90.7%) (video 1 links.lww.com/ NXG/A99). Hand use was severely limited to involuntary gross manipulation (13/44; 29.5%) (video 2 links.lww.com/NXG/ A100). On examination, a complex movement disorder was the most prominent feature characterized by generalized hyperkinetic and dyskinetic movements that was present at rest and worsened with attempts to movement (videos 3 and 4 links. lww.com/NXG/A101 and links.lww.com/NXG/A102), with orolingual dyskinesias (12/33; 
Brain images
Patients with FOXG1 syndrome showed a variable degree of gyration, moderate-to-severe myelination delay or white matter loss (64.4%), and abnormal corpus callosum (95.6%). From our detailed review of these imaging studies, we were able to delineate 3 groups of severity of gyration defect that are most easily appreciated with multiple views in several planes, as shown in figures 2, A-L and 3, A-H.
The first gyral pattern, the most severe, consisted of pachygyria, with thickened cortex with frontal lobe predominance (12/45; 26.7%). This pattern was seen in the youngest patients (mean age 1.8 years) and was accentuated by the underdevelopment of the frontal lobes and the reduced volume of the subcortical white matter. In this group, myelination delay was prominent, ranging from severe (7/11; 63.6%) to moderately delayed (4/11; 36.4%). The most common corpus callosum anomaly was anterior hypogenesis, mostly affecting the genu and the rostrum (6/11; 54.5%) (figure 2, A-L). Sequential MRI performed during the first years of life showed that this pachygyric appearance can be overestimated between the ages of 12 and 24 months because of the immature myelination ( figure 3, A-H) . Delayed myelination improved with age, and no case of hypomyelination or dysmyelination was observed after the age of 5 years.
The second gyral pattern of intermediate severity met the subjective criteria of moderately simplified gyral pattern. 15 This pattern was observed in 24.4% (11/45) of patients with mean age of 3.1 years. In this group, myelination was moderately to severely delayed. The corpus callosum showed a wide range of anomalies, including complete agenesis (5/11; 45.5%), global hypoplasia (3/11; 27.3%), and anterior hypogenesis (3/11; 27.3%).
The third gyral pattern, the least severe, consisted of mildly simplified to normal gyral pattern. These patients (22/45; 48.9%) were older than the 2 previous groups (mean age 6.1 years). White matter anomalies were mostly mild or absent (14/22; 63.6%), and the corpus callosum was hypogenetic in its anterior part in the majority of cases (14/22; 63.6%) (figure e-1 links.lww.com/NXG/A91). 
Genotype-phenotype relationships
To assess genotype-phenotype associations in FOXG1 syndrome, we investigated the correlation between the score of selected FOXG1 criteria in the whole cohort and 5 genetic subgroups (e-results) (table 2) .
Patients with N-terminal mutations and FOXG1 deletions showed the highest global severity scores, while those with FBD frameshift and nonsense mutations showed the lowest global severity scores (p < 0.05). Patients with FBD missense and C-terminal domain mutations tended to have lower global severity scores, although the differences were not significant because of the small size of these groups (figure e-2A links.lww. com/NXG/A92).
When covariance analysis was performed in the whole cohort, we found significant positive covariance of gyral and myelination pattern scores, suggesting that whatever the type of FOXG1 mutation, the most severe cortical anomaly (i.e., pachygyria) is correlated with the most severe myelination delay, further reinforcing the fact that this cortical anomaly may be overestimated because of the abnormal myelination of the subcortical fibers. Further analyses showed significant and distinct covariance relationships in which the MRI pattern appeared the most relevant criteria in distinguishing the genetic groups (figures e-3 links.lww.com/NXG/A93 and e-4 links.lww.com/ NXG/A94).
Interesting data also came from the analysis of patients with recurrent frameshift mutations c.460dupG and c.256dupC. Remarkably, among the patients with c.460dupG, we found significant differences in clinical and imaging presentations, demonstrating that genotype-phenotype correlation is not straightforward in FOXG1 syndrome. On MRI, this mutation resulted in a spectrum of corpus callosum anomalies, from complete agenesis to global hypoplasia (figure e-5 links.lww. com/NXG/A96). By contrast, the 3 patients with the c. 256dupC had a more consistent phenotype.
Discussion
Foxg1 is a transcription factor that plays nonredundant roles in brain development, such that loss of a single copy of the gene severely affects brain formation, and knock-out mice cannot survive after birth. 9, 16 Consequently, it is not surprising that all mutations identified in humans are heterozygous and result in Continued noticeable changes in brain size and mental development early in childhood. To date, FOXG1 has been linked to a wide range of human congenital brain disorders. [1] [2] [3] [4] [5] [6] [7] [17] [18] [19] In this study, we describe detailed clinical and neuroradiological data on 45 patients with pathogenic single nucleotide variants and copy number variations affecting FOXG1. This is one of the largest cohort of patients with FOXG1 syndrome and focuses on FOXG1 point mutations, which affect both sexes equally. The aim of this study was to refine the phenotypic spectrum of FOXG1 syndrome and its natural history and to further investigate genotype-phenotype correlations. In keeping with previously published FOXG1-associated clinical features, we found FOXG1 syndrome to be associated with severe postnatal microcephaly (−4 to −6 SD), dyskinetic-hyperkinetic movement disorders, visual impairment, epilepsy, stereotypies, abnormal sleep patterns, and unexplained episodes of crying.
1, 3, [5] [6] [7] [8] 18, [20] [21] [22] [23] Our data clearly confirm that head circumference is usually normal to borderline small at birth and evolves during infancy to severe microcephaly below −3 SD, with normal somatic growth. Although no longitudinal data on head circumference are available from our series, it is interesting to note that microcephaly was the first concern in one-third of the cohort at the mean age of 3.47 months, suggesting that the slowdown in head growth occurs earlier than previously described. Of note, FOXG1-related postnatal microcephaly is characterized by underdevelopment of the frontal lobes, a unique pattern that does not occur in other causes of progressive microcephaly. 24 This underdevelopment of frontal lobes can be associated with a mildly to moderately simplified gyral pattern and reduced white matter or in the youngest patients with a pachygyric appearance. We observed this pattern on T2-weighted images in infants who showed mild gyral simplification later in childhood. The clue to the cause of the 2 patterns came from studying serial MRI of patients Im09 and Im11. Frontal pachygyria, which was observed at 6 months of age, changed into mild gyral simplification at 2.5 years of age. This finding suggested that the 2 cortical patterns did not represent differences of morphology but instead, differences in the maturity of the subcortical white matter. It is noteworthy that this changing appearance has been observed previously in polymicrogyria. 25, 26 Another imaging hallmark of FOXG1 disorder is the delayed myelination. While delayed myelination has a similar appearance to hypomyelination on a single MRI, especially if done at an early age, sequential studies can distinguish between them by demonstrating increasing myelin content in delayed myelination. 27 This evolution of delayed myelination toward normalization in childhood is not specific to FOXG1 syndrome, as it has been observed in other developmental disorders, such as MCT8 deficiency and Xq28 duplication involving MECP2 or SPTAN1 encephalopathy. [27] [28] [29] Taken together with the published literature, we suggest that FOXG1 syndrome is a disorder in which hypogenetic corpus callosum is the most frequent finding. More specifically, corpus callosum malformations in FOXG1 syndrome are frontal predominant, similar to the gyral abnormality, suggesting that the same pathogenic mechanism operates for both the frontal cortical abnormalities and the callosal abnormalities. Complete agenesis occurs occasionally and is likely to represent the most severe end of the spectrum of pathogenic mechanisms underlying hypoplasia. This also illustrates that hypoplasia and agenesis are related to a similar mechanism and that genetic modifiers influence the severity of the callosal phenotype. 30 Of interest, the severity of corpus callosum anomaly does not correlate with the degree of microcephaly, the degree of myelination abnormality, or the degree of gyral abnormalities. This contrasts with data from congenital microcephaly that showed a correlation between the degree of microcephaly and the severity of the associated callosal anomaly. 31 Hyperkinetic movement disorders have been recognized to be a key feature in FOXG1 syndrome since its original description. 6, 18 Our data show that movement disorder is rarely the presenting feature of FOXG1 syndrome; this has not been stressed previously. It is important that the combination of hand stereotypes, mostly hand to mouth, with generalized dyskinesia is one of the key characteristics of FOXG1 syndrome that distinguishes it from other monogenic hyperkinetic movement disorders or neurodegenerative diseases. 6, 32 The hyperkinetic movement disorder, although affecting quality of life, was stable over time, never evolved into status dystonicus, and did not lead to any of the complications of severe dystonia that can observed in other developmental or degenerative neurologic disorders. 6, 32 A previous report suggested that FOXG1 syndrome could be classified as an epileptic-dyskinetic encephalopathy 18 like ARX-and STXBP1-related encephalopathies. Our data show that epilepsy is not a consistent feature, unlike dyskinetichyperkinetic movements. Although epilepsy affected 79% of patients reported here, which is within the range of previous reports (from 57% 7 to 86% 5 ), it did not show a particular seizure pattern that could help the clinician to define a specific epilepsy syndrome.
Since the first report that FOXG1 mutations can be responsible for congenital Rett variant, a number of publications have emphasized the differences between these disorders. 33 Here, by applying the congenital Rett variant criteria, 14 we confirm that the majority of patients with the FOXG1 syndrome do not meet the criteria for congenital Rett variant. At all ages, FOXG1 syndrome is more severe with respect to ambulation, reciprocity, and receptive language and has more disordered sleep, compared with Rett syndrome, as well as lacking the regression observed in Rett syndrome. These findings further reinforce that FOXG1 disorder is clinically separable from Rett syndrome, with distinct clinical presentation and natural history. It is important that patients with FOXG1 disorder receive appropriate counseling about medical comorbidities and natural history related to their disorder, avoiding the confusion with Rett syndrome.
The number of reported FOXG1 mutations is now large enough to search for genotype-phenotype correlations in FOXG1 syndrome. We observed that patients carrying mutations in the N-terminal domain and large deletion of FOXG1, which are the most common mutation types, show the most severe presentation and MRI anomalies, while those carrying mutations in the FBD or C-terminal domain were less severely affected. In previous series, a milder phenotype was observed in patients with missense variants in the FBD conserved site. 7 However, the differences were found in items related to sitting, walking, and functional hand use, which are commonly severely impaired in all FOXG1 mutation patients. 7 Using covariance and cluster analyses, we highlighted relationships between gyral and myelination patterns in patients with FOXG1 disorder. However, identical hotspot mutations c.256dupC and c.406dupG can be associated with highly variable features, such as variable epilepsy severity or degree of corpus callosum anomalies, underlining the importance of being cautious about predicting phenotype on the basis of genotype in the context of genetic counseling. This suggests that factors beyond the primary mutation can influence disease severity, including genetic modifiers and epigenetic and environmental factors.
The complexity and the poor reproducibility of genotypephenotype relationships in FOXG1 syndrome probably reflects the pleiotropic and nonredundant roles of Foxg1 in vertebrate brain development.
This study, one of the largest to date, provides evidence that FOXG1 mutations are responsible for a specific and recognizable neurodevelopmental disorder with a high degree of variability. We have expanded the phenotypic spectrum by defining 3 key brain imaging features of FOXG1 syndrome, noting that the degree of cortical abnormality is not correlated with the severity of the corpus callosum malformation. Moreover, our data confirm that mutations leading to the loss of the FBD domain, lead to the most severe clinical presentation of FOXG1 syndrome. The pathophysiology of such complex genotypephenotype relationships reflects the pleiotropic and nonredundant roles of Foxg1 during development.
